The publication in this issue of BJC of the findings of an updated study of Canadian nuclear industry workers by Zablotska et al (2014) invites enquiry into the background of this and similar studies. Nearly 40 years ago, the Royal Commission on Environmental Pollution (1976) opined that it would be desirable to conduct epidemiological studies of nuclear workers to directly assess risks to health from protracted occupational exposure to ionising radiation, to test the appropriateness of the assumptions made in setting radiation protection standards based largely on the experience of the acutely exposed Japanese survivors of the atomic bombings of Hiroshima and Nagasaki. The next year, the study by Mancuso et al (1977) on nuclear workers at Hanford, WA, appeared to show that cancer risks among these workers were greater than expected; the methodology of this study was heavily criticised (Hutchison et al, 1979) , but it received much publicity.
In the United Kingdom, the National Registry for Radiation Workers (NRRW) was established in 1976 (Kendall et al, 1992) , and nuclear worker studies were initiated in other countries, notably the United States of America (Gilbert et al, 1989) and Canada (Gribbin et al, 1993) . However, it was recognised that international collaboration was highly desirable to increase the statistical power of the worker studies, and in 1988 the International Agency for Research on Cancer (IARC) agreed to coordinate such a collaboration, the first fruits of which appeared in 1995 and involved three countries and seven groups of workers, three from the United States of America (including Hanford), three from the United Kingdom (including Sellafield) and one from Canada (the workers of Atomic Energy of Canada Limited, AECL) (Cardis et al, 1995) . The combined data showed a positive association between the risk of mortality from leukaemia (excluding chronic lymphocytic leukaemia, CLL) and the cumulative recorded dose of radiation from external sources, which was of marginal statistical significance, and a (non-significantly) negative association for the risk of all other cancers combined, results that were compatible with conventional risk estimates (Cardis et al, 1995) . For AECL workers, the estimates of the excess relative risk (ERR) per sievert were as follows: leukaemia excluding CLL (5 deaths), 48.40 (95% confidence interval (CI): 2.8, 4100); all other cancers (324 deaths), 0.13 (95% CI: o0, 2.1) (Cardis et al, 1995) .
The IARC-coordinated collaborative study was later extended to 15 countries, and the first report from this study was published in 2005 (Cardis et al, 2005) . Although the trend of risk with cumulative external dose was positive for mortality from leukaemia excluding CLL, somewhat surprisingly given the findings of the three-country study it was not statistically significant; but the association with dose for all other cancers was both positive and significant -the ERR/Sv was 0.97 (95% CI: 0.14, 1.97). Moreover, the risk estimate for the group of all other cancers was only just compatible with the prediction of standard risk models, leading to controversial suggestions that the risk of cancer resulting from protracted exposure to radiation in the workplace has been underestimated.
The interpretation of the 15-country study was not, however, straightforward, and one aspect of the findings that troubled both me (Wakeford, 2005 (Wakeford, , 2009a and others (United Nations Scientific Committee on the Effects of Atomic Radiation, 2008; Boice, 2010) was the surprisingly large influence of the Canadian workers on the risk estimate for all other cancers -although the Canadian workers contributed around 4% of the deaths, the exclusion of these workers caused a B40% reduction in the risk estimate (Wakeford, 2005) . In fact, the ERR/Sv for the Canadian workers, 6.65 (90% CI: 2.56, 13.0), was notably and significantly larger than the ERR/Sv estimate for the combined workers from the other 14 countries, 0.58 (90% CI: À 0.10, 1.39) (Cardis et al, 2007) . Of course, this does not mean that the Canadian data are necessarily wrong, but scrutiny of previous findings of studies of Canadian workers, including the three-country study (Cardis et al, 1995) , reveals an apparent upward step-change in risk estimates for the group of all other cancers that coincides with the start of the use of Canadian National Dose Registry (NDR) data in the analyses (Wakeford, 2009a) . Ashmore et al (2010) examined the NDR data for the AECL workers, the group of workers who seemed to be the primary reason for the upward change in the Canadian risk estimates. They identified a number of possible deficiencies in the AECL worker data used in the 15-country study, in particular those relating to the data before 1971. They called for a thorough examination of the Canadian worker data, and if appropriate, a new analysis of Canadian worker risks based on revised NDR data.
The Canadian worker data contributing to the 15-country study were those used in the study of Zablotska et al (2004) of workers from AECL and three Canadian electricity-generating companies. Now, Zablotska et al (2014) report the findings of an updated study of 45 656 Canadian nuclear industry workers, following a detailed check of dosimetry and employment records, which resulted in a number of changes in the AECL data in the NDR. These revisions led to a reduction in the ERR/Sv for mortality from all solid cancers from 2.80 (95% CI: À 0.04, 7.13) to 1.77 (95% CI: À 0.42, 5.30), the latter risk estimate being driven by the AECL workers, 3.25 (95% CI: 0.11, 8.85). However, also revealed was a notable difference in the solid cancers ERR/Sv for 3088 (19%) of the AECL workers first employed during 1956 -1964 , and those first employed after 1964, À 1.03 (95% CI: o À 1.66, 5.76). Zablotska et al (2014) conclude that the finding for the early AECL workers is likely to be due to remaining data inaccuracies, probably missing dose information, rather than a real effect of radiation exposure, and they believe that use of the pre-1965 AECL worker data cannot be justified until further investigation is undertaken.
So, it would appear that the most reliable results from the 15-country study are for the combined 14 countries excluding Canada, which are not exceptional (see above). For Canada, Zablotska et al (2014) propose that until the findings of further investigations of the AECL data are available, the ERR/Sv estimates should be taken to be those using the post-1964 AECL worker data combined with the data for the workers of the three generating companies: leukaemia excluding CLL (12 deaths), 14.4 (95% CI: o À 1.49, 146), and all other cancers (347 deaths), À 1.36 (95% CI: o À 1.47, 1.98). Zablotska et al (2014) have indicated that it is intended to further investigate the data for pre-1965 AECL workers with the intention of eventually including them in future studies. Hopefully, this investigation will prove fruitful as the earlier studies of all AECL workers based on an AECL dosimetry database rather than the NDR suggested that these early workers could contribute valuable data -for example, it was pointed out above that a statistically significant positive trend with dose for mortality from leukaemia excluding CLL, was previously reported for all AECL workers (Cardis et al, 1995) . It is generally the case that early nuclear workers will have accumulated larger radiation doses than later workers, not only because they have worked longer, but also and importantly because doses received in the early years of the industry were greater (sometimes much greater) than those received in recent years. Consequently, the inclusion of such early workers will considerably improve statistical power, and this is especially the case for workforces in countries with nuclear programmes starting in the 1940s and 1950s, such as Canada. By way of illustration, the recently published third analysis of the NRRW included greater than 10 000 workers with cumulative external radiation doses exceeding 100 mSv (i.e., moderate doses), but at the time of the analysis only about one-quarter of these workers had died (Muirhead et al, 2009) , suggesting that substantial information is still to come.
Studies on radiation workers have the potential to provide valuable evidence on the risks from protracted exposure to low-level radiation. International collaboration remains the obvious way of extracting as much information out of the available data as possible, and these collaborations should certainly continue (Wakeford, 2009b) , but the difficulties in conducting such studies and interpreting the results should not be underestimated. The latest Canadian worker study by Zablotska et al (2014) illustrates the care that must be exercised in collating worker data, and the problems that can arise, especially when using data that may have been collected for purposes other than epidemiology.
